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INTRODUCTION
Municipal solid waste landfills are sources of microbial air pollution [Huang et al. 2002 , Kaźmierczuk et al. 2004 , Butarewicz, KowalukKrupa 2004 , Małecka-Adamowicz et al. 2007 , Zmysłowska et al. 2007 , Kummer, Thiel 2008 , Berleć et al. 2009 , Breza-Boruta, Paluszak 2009 . Microorganisms are transported from the landfill to the atmosphere with the wind. Their survival depends on their resistance, meteorological conditions, air pollution and time spent in the atmosphere [Marthi et al. 1990] . According to various studies, the range of bioaerosol emission is considerable and may reach 1000-1200 m from the border of the site [Kulig, Ossowska-Cypryk 1999 , Traczewska, Karpińska-Smulikowska 2000 , Adamiak et al. 2001 , Frączek et al. 2003 , Traversi et al. 2011 . Emissions from Bioaerosol concentration in the air surrounding municipal solid waste landfill 1 waste facilities are issues from occupational health and safety as well as environmental hygiene aspects [Kummer, Thiel 2008 , Giusti 2009 . Airborne microorganisms may cause respiratory diseases and other health effects in the facility workers and neighbouring residents [Wouters et al. 2002 , Douwes et al. 2003 , Heldal et al. 2003 , Curtis et al. 2006 , Schrapp, Al-Mutairi 2010 . A large part of the particles isolated from landfill air is within a respirable size range: 40% of the bacteria and 80% of the fungi [Rahkonen et al. 1990] . Respirable fractions are of particular importance in the epidemiology of infectious diseases due to their easiness of dispersion and ability to infiltrate the respiratory system up to pulmonary alveoli. Despite the fact that most people spend much of their time inside the houses, the quality of outdoor air may have significant influence on the quality of indoor air [Shelton et al. 2002] . Indoor air in buildings located in close vicinity of municipal waste landfills may be polluted by microorganisms emitted from the landfill [Schrapp, Al-Mutairi 2010] . The composition and concentration of dispersed bioaerosol depend on the source of emission that includes pig, dairy and poultry farms, slaughterhouses, sewage treatment plants, composting facilities, refuse transfer stations, sorting and recycling plants and landfills. According to the Polish Norm PN 89/Z-04111.01, pertaining to all sources of emission, the indicator microorganisms are: total bacteria, actinobacteria, Pseudomonas fluorescens, α-and β-haemolytic staphylococci, and fungi. However, these microbial groups are not specific to landfill aerosols and some of them are widespread in the environment: Aspergilus fumigatus and actinomycetes are commonly released during composting [Douwes et al. 2003 , Vilavert et al. 2009 whereas Cladosporium is one of the most prevalent genera in outdoor air and is independent of the type of environment [Kaarakainen et al. 2008] . Therefore, their application in the evaluation of the microbial air pollution may be very variable [Traczewska, Karpińska-Smulikowska 2000 , Kaźmierczuk et al. 2004 . The indicators specific to bioaerosol emitted from municipal solid waste landfills have not been defined. Without proper indicator microorganisms, it is difficult to link microbial contamination measured at a distance from the facility to the specific waste management activity performed on a facility. Therefore, in this research, the method for the assessment of microbial air pollution around municipal solid waste landfill was proposed based on the group of selected indicator microorganisms. On the basis of previous microbial sampling performed on different municipal solid waste landfills, the bacteria from the Enterobacteriaceae family, haemolytic bacteria able to induce haemolysis when grown on blood agar, and yeasts and yeast-like fungi were proposed as the indicators of microbiological pollution of air around solid waste landfills [Kaźmierczuk et al. 2004] . The reason for selecting these microorganisms as indicators was the fact that they were often isolated from samples of air collected on and around municipal landfills and, moreover, were not observed in the samples of ambient air. Previous microbiological studies have shown that bacteria from the Enterobacteriaceae family were commonly isolated from samples collected during bioaerosol testing on and around municipal solid waste landfills [Crook et al. 1987 , Rahkonen et al. 1990 , Kaźmierczuk 1996 , Kaźmierczuk, Kalisz 1998 -2000 , Lis et al. 2004 , Kaźmierczuk et al. 2004 , Buczyńska et al. 2006 , BrezaBoruta 2012 whereas their concentration in ambient air was relatively low [Kaźmierczuk et al. 2004 , Zucker, Muller 2004 , Donderski et al. 2005 . Moreover, it was observed that unseparated waste caused the highest exposure to Gram-negative bacteria during waste collection and sorting [Krajewski et al. 2001 , Del Cimmuto et al. 2010 , Park et al. 2011 , Marchand et al. 2012 . Results of measurements indicated that the Enterobacteriaceae dominated the airborne Gram-negative bacterial flora [Zucker, Muller 2004] . Phenotypic analysis performed on cellulolytic bacteria isolated from 29 refuse samples of landfill site revealed that among Gramnegative isolates 24 strains out of 31 were assigned to the family of Enterobacteriaceae [Pourcher et al. 2001] . Numerous coccobacilli from the Enterobacteriaceae family are components of microflora of the gastrointestinal tract of humans and animals. However, the Enterobacteriaceae family also encompasses pathogenic bacteria that are relevant for the assessment of environmental hygienic condition and that are rarely isolated from the clean air [Shaffer, Lighthart 1997] et al. 2002] . During studies of bioaerosol emission from the municipal solid waste landfill Kaźmierczuk [1996] , the presence of fungi such as Alternaria, Cladosporium, Mucor, Rhizopus, Aspergillus, Fusarium and Penicillium was noted in each series of analyses on the Sabouraud agar. These fungi were observed in samples collected both downwind and upwind from the site. By contrast, the presence of yeasts and yeast-like fungi was noted only in the air collected within the landfill area and at a distance of 60-100 m from the fence downwind from the site. This pattern was confirmed in later studies [Kaźmierczuk, Kalisz 2001 , Kaźmierczuk et al. 2004 . The results of other analyses also indicated that yeasts and yeast-like fungi dominated the atmospheric air influenced by the landfill, whereas their concentration in ambient air was low [Jurkiewicz et al. 1998 , Lis et al. 1999 , Lis et al. 2004 .
With the proposed indicator microorganisms, it is possible to simultaneously determine their concentration in the air and assess the range of exposure for surroundings. The range of bioaerosol emission from the landfill is determined as the point at which the number of indicator microorganisms is equal to the number of these microorganisms in the control air. The extent of the impact of the landfill on the environment is determined on the basis of this indicator that has the maximum range. Additionally, presence of specific bacteria, yeasts and yeast-like fungi reflects the character of actual hazard for the neighbouring residents.
MATERIAL AND METHODS

Characteristics of the landfill site
The Waste Treatment Facility in Machnacz (N: 52°38'17", E: 18°57'30") has been in operation since 1998. It has a capacity of processing 30,000 tonnes of municipal waste per year. The area of the landfill is 4.9 ha and the active area is 3.1 ha. Municipal waste is mechanically treated and the refuse is landfilled. The surrounding area is rural with small villages.
There is an open space to the north, west and south of the facility and a forest to the east. The nearest buildings are located at about 500-600 m to the south of the landfill and belong to the villages Pikutkowo and Słone. At a distance of about 1.2-1.5 km to the north, elevated above the landfill and the surrounding area, the densely populated Machnacz village is located. To the east, in the forest near the landfill, flows the small Zgłowiączka stream.
Sampling locations
The sampling sites were located ( Fig. 1) on the landfill site close to the leachate reservoir (50 m inside from the fence), close to the fence (0 m) and at increasing distances of every 200 m from the fence. All samples were collected downwind. The control sites were situated:
• during I series: 1200-1400 m and 1800 m upwind from the fence; • during III series: 1500 m upwind from the fence. Additionally, regardless of the wind direction, the concentration of indicator microorganisms in the air of the village of Wieniec Zdrój (N: 52°39'26", E: 18°59'25"), located 3.5 km north-east from the landfill, was also examined (the village is outside the range of the map in Fig. 1 ). These data were used for determination of the concentration of bioaerosol in the control air. The sampling site was situated at such a distance from the landfill that the direct influence of the facility on the results of the analyses may be excluded.
Sample collection and analysis
Sampling was conducted three times during autumn 2010: 24.09.2010 (series I), 1.10.2010 (series II) and 4.10.2010 (series III). The sampling was performed according to the sampling strategy elaborated and applied at the Institute of Environmental ProtectionNational Research Institute (IEP-NRI). Viable airborne microorganisms were sampled with a MAS 100 Eco ® MERCK impaction sampler according to Polish Norm PN 89/Z-04008. The sampling times (that depend on the predicted bacterial concentration in the air) were determined during preliminary sampling. The sampler was placed at 1.3 m above ground level. Three replicates of air samples were collected at each sampling location on three different culture media promoting selective growth of indicator microorganisms (all bioMerieux) with the incubation conditions as follows:
• bacteria from the Enterobacteriaceae family on MacConkey agar (MCK); 24 hours at 35°C; • β-haemolytic bacteria on Columbia agar with 5% of sheep blood (COS); 18 hours at 35°C; • yeasts and yeast-like fungi on Sabouraud agar with gentamicin and chloramphenicol (SGC2); from 2 to 5 days at 26°C. During sampling, relevant meteorological parameters (humidity, air temperature, wind direction and velocity) were registered. Wind velocity was measured with the LUTRON AM-4201 digital anemometer. The wind direction was determined using a compass based on the reaction of a foil ribbon to wind. Results of the observations were expressed on a 16-point compass rose. Air temperature and relative humidity were measured using a Diplex digital measuring device. Each measurement was made several times in each sampling point, and the results were averaged. Immediately after sampling, the Petri dishes were transported to the IEP-NRI laboratory and incubated. After incubation, the number of colonies was determined. The number of colonies counted on the surface of the agar plates was corrected according to the Feller table and expressed as colony forming units per cubic metre of air (cfu/m 3 ):
• on the MCK medium, all bacteria-like colonies were counted with particular attention to the red-coloured ones; • on the COS medium, only bacteria-like colonies surrounded by a zone of complete haemolysis were counted; • on the SGC2 medium, only colonies of yeasts and yeast-like fungi were counted. The sampled microorganisms were classified to the genus level: bacterial strains were identified by Gram staining and a biochemical API 20 E microtest and yeast and yeast-like fungi were identified by biochemical API 20 C AUX microtest (both bioMerieux). 
RESULTS
Meteorological conditions
In table 1, the results of the meteorological measurements and observations made during the field studies on and around the landfill site are presented. In the present study, temperature ranged between 8 and 23°C, humidity between 45.6 and 60.4% and wind speed between 2.3 and 5.4 m/s. Results of the observations and meteorological measurements indicate that during sampling period the weather conditions were favourable for collection of air samples for the microbiological studies.
Bioaerosol concentration in the air of the control sites
In table 2, the concentrations of indicator microorganisms in the air collected in the control sampling sites are presented.
Downwind concentration
The sampling of bioaerosol around the landfill was made in three series in selected sampling sites. In series I, the samples were collected on the landfill site and every 200 m downwind from the area of the landfill. The results are presented in table 3. In series II, the sampling site was located at a distance of 1000 m downwind from the landfill. The three sampling points were spread on an arc 100 m from each other (Fig. 1) . The results of the sampling are presented in table 4. In series III, the samples were collected downwind from the landfill at increasing distances; the first sampling site was located at 800 m from the fence. The results are presented in table 5. The aggregated results are presented as a plot (Fig. 2) .
Comparison of the quantitative data characterising the level of bioaerosol in the air collected from the sites located downwind from the landfill with the level of bioaerosol in the control air shows that there is a gradual decrease of landfill influence on the sanitary condition of air. The impact of the landfill ends at a distance of 1000-1200 m from the fence for β-haemolytic bacteria and yeast and yeast-like fungi. Apart from determining the level of indicator microorganisms, the studies included identification of various genera of microorganisms grown on individual media. In samples collected along the fence, Enterobacteriaceae belonging to the genera Escherichia, Proteus, Enterobacter and Klebsiella were noted on the MCK medium. The same genera along with Serratia were noted in samples of air collected at a distance of 1000-1200 m from the fence. Samples of air collected in the control sites contained Enterobacteriaceae from the genera Escherichia, Proteus, Enterobacter and Klebsiella. Growth of cfu with a β-haemolysis zone was noted on the COS medium. Gram staining allowed determination of the presence of Gram-positive long cylindrical forms (bacilli), Gram-negative short cylindrical forms (coccobacilli) and Gram-positive diplococci. Air samples collected at a distance of 1200 m from the landfill indicate the presence of yeasts and yeast-like fungi on the SGC2 medium. On the basis of the morphological features and results of API 20 C AUX microtest, the genus Candida was identified.
DISCUSSION
Field observations have shown that municipal waste management in the Machnacz landfill was carried out in accordance with the requirements of the existing regulations. However, the results obtained indicated that the landfill was the source of emission and dispersion of bacterial and fungal aerosol. Thus, despite correct exploitation and proper application of technological processes of waste landfilling, the landfill was the cause of deteriorated microbiological quality of air in its surroundings. To assess the range of the landfill influence on microbial air quality, the concentration of indicator microorganisms in individual sampling points was compared with concentration of these 
Bioaerosol concentration in the air of the control sites
The sampling of bioaerosol in the control sites was carried out at a significant distance from the landfill, excluding the influence of the facility on the result of the analysis. The presence of bacteria from the Enterobacteriaceae family at 8-16 cfu/m 3 (on average 12 cfu/m 3 ), β-haemolytic bacteria at 4-6 cfu/m3 (on average 5 cfu/m 3 ) as well as yeasts and yeast-like fungi at 1-3 cfu/m 3 (on average 2 cfu/m 3 ) has been determined in these sites. Average microbial concentrations found in the present study were in agreement with those reported in the literature despite the use of different methodologies. In these studies, the concentrations of bacteria from the Enterobacteriaceae family in control air were at the levels from 2 to 6 cfu/m 3 (city air) [Donderski et al. 2005] , from < 0.4 to 7.9 cfu/m 3 (residential area: meadow and unpaved road) [Zucker, Muller 2004] , from 2 to 5 cfu/m 3 (around two cities) and from 1 to 2 cfu/m 3 (around two villages) [Vilavert et al. 2009 ]. In the vicinity of the landfill facilities, the concentrations in the control sites reached from 13 to 26 cfu/m 3 (100 m upwind from the waste handling place) , from 12 to 20 cfu/m 3 (300 m upwind from the facility) [Lavoie, Alie 1997] , from 0 to 14 cfu/m 3 (50-200 m upwind from the waste recovery plant) [Kiviranta et al. 1999] and from 3.3 to 15.8 cfu/m 3 (40 m upwind from the facility) [Grisoli et al. 2009 ]. The studies of β-haemolytic bacteria and yeast and yeast-like fungi are not so numerous. The concentrations of β-haemolytic bacteria in control air determined in other studies reached from 0 to 10 cfu/m 3 depending on the month of the analysis (100 m upwind from the landfill) [Berleć et al. 2009 ]. The concentration of yeasts and yeast-like fungi in the control air reached up to 3 cfu/m 3 (empty room in the building beyond the landfill) [Coccia et al. 2010] and from 0 to 300 cfu/m 3 (upwind from the landfill) depending on the time of the year [Filipkowska et al. 2008] . In the studies performed around other facilities, the median concentration of yeasts in control site (500 m upwind from the WWTP) was 63 cfu/m 3 [Gotkowska-Płachta et al. 2013 ]. The concentration of haemolytic bacteria in control air indicated that the air was polluted even in sites presently not subject to direct influence of the landfill. The probable reason for the presence of microorganisms in atmospheric air collected from the apparently clean sites may be the hypothetical mechanism of microorganism spreading [Kaźmierczuk et al. 2004] . At variable wind directions, microorganisms emitted from the landfill are gradually deposited, forming secondary sources of emission and dispersing over a significantly larger area. It may be assumed that after some time, they may be present in the air in a random locality regardless of the wind direction. As a result of this process, sites located upwind from the landfill could have been subjected earlier to the direct influence of the facility similarly as the sites located downwind. Therefore, it may be concluded that an active municipal waste landfill may also be a secondary cause of the microbial air pollution in its surrounding, regardless of the current wind direction.
Downwind concentration
Comparison of quantitative data characterising the bioaerosol pollution of air collected in the sampling sites downwind from the facility (tables 3, 4 and 5) with air from control sites (table 2) allowed stating that with the increasing distance from the facility, a decreasing trend in the concentrations of all the microbial types generally appeared. All the sampled microorganisms showed the maximum level in the downwind site nearest to the facility. At distances between 1000 and 1200 m from the fence, a gradual decrease of the landfill influence on the air quality was noted. In the samples of air collected in sites located at 1200 m from the fence of the facility (Fig. 1 • the concentration of bacteria from the Enterobacteriaceae family slightly exceeded its concentration in the control air, • the concentration of β-haemolytic bacteria as well as concentration of yeasts and yeast-like fungi were equal to their average concentrations in the control air. Similar results were obtained in other studies of bioaerosols around municipal waste landfills. Breza-Boruta and Paluszak [2009] carried out microbiological analysis within and around municipal waste landfills. Despite correct landfill management, the facilities were significant sources of emission and dispersion of bacterial aerosol. The analysed air was strongly polluted with pathogenic staphylococci and actinobacteria, regardless whether the samples were collected directly on the landfill or in its surroundings. The determined concentrations of Escherichia coli in the air of studied landfills reached on average from 3.3 to 62 cfu/m 3 and of Salmonella sp. from 7 to 80.5 cfu/m 3 , whereas at a distance of 150-200 m from the facilities, their concentrations were from 4 to 12 cfu/m 3 and from 0 to 8 cfu/m 3 , respectively. Another study carried out on a municipal waste landfill serving ca. 100,000 inhabitants determined the presence of Escherichia coli and yeasts [Jurkiewicz et al. 1998 ]. In the direct neighbourhood of the active sector, the concentration of Escherichia coli reached, depending on the measuring series, from 79 to 470 cfu/m 3 . At a distance of 100 m downwind from the landfill, the concentrations reached from 0 to 157 cfu/m 3 . At a distance of 150 m, the presence of these bacteria was not noted. The concentrations of Salmonella sp., Escherichia coli and other bacteria of the family Enterobacteriaceae determined in the air samples taken on municipal solid landfill accepting ca. 150,000 Mg of waste yearly were from 0 to 180 cfu/m 3 , from 2 to 130 cfu/m 3 and from 0 to 1740 cfu/m 3 respectively, depending on the month of the sampling [Breza-Boruta 2012] . The concentration of these microorganisms in the air at a distance 200 m from the facility were from 0 to 8 cfu/m 3 in the case of Salmonella sp. and Escherichia coli, and from 0 to 20 cfu/m 3 in the case of other bacteria of the family Enterobacteriaceae. In the previously mentioned study [Jurkiewicz et al. 1998 ], the determined air concentrations of yeasts reached from 786 to 21379 cfu/m 3 on the landfill and from 0 to 1493 cfu/m 3 at a distance of 150 m from the landfill. In other studies, the average levels of yeasts in the air of the landfill undergoing closure were from 224 to 1788 cfu/m 3 depending on the season and year of sampling [Huang et al. 2002] . Analysing the results of microbiological studies of air carried out on a municipal waste landfill and in its surroundings, Berleć et al. . More abundant with haemolytic bacteria were active sectors of the landfill and areas adjacent to the entrance road. A higher number of potentially hazardous strains of bacteria in the air were related to the routine maintenance of facilities and a regular supply of wastes. Rahkonen et al. [1990] observed that bacterial aerosol in municipal waste landfills was composed mainly of opportunistic pathogens that could cause infectious diseases in humans with immune deficiency. The bioaerosol was dominated by bacteria from the genera Pseudomonas, Enterobacter and Bacillus. These bacteria may pose particular hazard to the health of people spending much time within the landfill and in its surroundings. Their analyses on two large municipal waste landfills in Finland have indicated that the concentrations of Gram-negative bacteria in 67% of the collected samples of air were higher that the proposed threshold value of 1000 cfu/m 3 .
Range
The range of the influence of the Machnacz landfill on the microbial air quality based on a proposed assessment may be estimated as 1000-1200 m from the fence of the facility. The impact of the landfill affects mainly areas to the north and south from the site because in these directions numerous houses and farm buildings are located. The influence of the landfill reaches the houses and farm buildings located in the neighbouring villages. Similar results have been obtained in other studies focused on determining the range of bioaerosol dispersion around waste management installations. Barabasz and others [Barabasz et al. 2006 , Barabasz et al. 2001 , Barabasz et al. 2002 have conducted microbiological analysis of atmospheric air on different municipal waste landfills. Their results allowed them to state that with regard to aerosanitary conditions the air within the landfill and in its nearer and farther surroundings was equally polluted with microorganisms such as bacteria, including actinomycetes, and fungi. The air quality standards were exceeded on the landfill as well as in other sites that at first were considered relatively clean and were set as the control sites and were supposed to act as the background for comparative studies. The determined microorganisms included two pathogenic bacteria species and seven pathogenic fungi species, including those producing toxins. Based on studies carried out in the Tarnów-Krzyż landfill, Frączek et al. [2003] determined that in 9 out of 10 reception points, even at distances of 1000 m from the landfill, the air was microbiologically contaminated at a level considered as strongly polluted. The present study has shown that the air sampled directly on the municipal solid waste landfill is abundant with microorganisms of different taxonomic groups. The landfill in Machnacz -similar to many other landfills -is a source of emission of saprophytic, pathogenic and relatively pathogenic (opportunistic) microorganisms. The increased concentration of microorganisms in the air does not necessarily mean a proportionally higher hazard for people spending time in the landfill area. However, higher concentration of pathogenic microorganisms in the air increases the probability of their contact with humans, penetration through the respiratory system or skin into the organism and developing specific symptoms. Higher concentration of relatively pathogenic or pathogenic microorganisms may cause potentially higher possibility of infections in humans and animals. Examples of landfills that are modern, well-organised and correctly managed indicate that the microbial air quality of the landfill does not depend on the type of technology or the maintenance. Microbial air pollution results from the presence of mineral and organic substances in the municipal waste, which are a source of nourishment for many microorganism groups, including pathogenic, potentially pathogenic or opportunistic forms. The range of the influence largely depends on the geographic conditions around the facility and probably only to a slight degree on the applied waste management and exploitation technology.
CONCLUSIONS
The studied municipal solid waste landfill in Machnacz is the source of bioaerosol emission despite its correct management. The use of proposed indicator microorganisms -bacteria from Enterobacteriaceae family, β-haemolytic bacteria and yeasts and yeast-like fungi -allowed for assessing the range of exposure for the surroundings. The emission range was maximum for β-haemolytic bacteria and yeasts and yeast-like fungi and reached 1200 m from the landfill fence. In samples collected along the fence, Enterobacteriaceae belonging to the genera Escherichia, Proteus, Enterobacter and Klebsiella were noted. The same genera along with Serratia were noted in samples of air collected at a distance of 1000-1200 m from the fence. With Gram staining, Gram-positive bacilli and diplococcic and Gram-negative coccobacilli were determined. Among the yeasts, the genus Candida was identified.
